This study defines a benchmark for ORC applications in the transportation sector and investigates the current situation for different transport applications. The economic impact of the ORC integration is evaluated in terms of fuel savings for the improved efficiency, including also the influence of mass and volume of the ORC. The ORC weight and volume compete with the transport capacity of the vehicle and lead to lower revenues from freight transportation or passenger tickets. In order to be economic, a maximum allowable change of transport capacity by mass and volume is determined for a typical city bus, a truck of 24-40 t of payload capacity, a middle-size freight train (1'000 t), an inland water vessel (Va RoRo, 2'500 t) and handysize-like vessel (25'000 t). Therefore, the present study shows a theoretical and practical approach for the economic application of ORC in the transportation sector.
Introduction
The transportation sector, dominated by combustion of fossil fuels by means of internal combustion engines (ICE), contributes extensively to the global environmental pollution [1] . Measures to reduce the environmental impact of ICE and improve the efficiency of the energy conversion process are still under investigation [2] . Since current ICE have an efficiency of 40-45% when converting fuel energy into mechanical energy at the engine shaft, the waste heat can be recovered from the engine exhaust and cooling system in order to reduce the fuel consumption [3 -6] . Turbo-compounds, thermoelectric and thermo-acoustic systems have been proposed, but especially the last two solutions show high costs and low efficiency [5] .
Organic Rankine Cycle (ORC) systems are a more promising technology than the other waste heat recovery technologies, since they allow higher efficiencies [4, 5] . Thermal efficiencies up to 25% have been reported for heat source temperatures around 400°C [7] .
The installation of an ORC increases the weight of the vehicle, and requires a certain volume. The weight decreases the net energy recovery, because of the increased vehicle load. The higher weight, combined with the increased backpressure on the ICE caused by the additional heat exchanger, can even completely annihilate the energy recovery, especially at low engine speed [2] . Furthermore, most of the transportation modes have restriction in terms of size, which accounts especially for road transportation [8] . As a result, the required volume of the ORC competes with the transportation capacity of the vehicle. Because of this, some part of goods or some passengers cannot be transported when the ORC is installed. Scope of this work is to understand the impact of the ORC in different transportation systems and determine the limits for an economic feasibility of such an integration. This work is mainly developed for retrofitting measures but it can provide the basis for new product development. 
Nomenclature

Specific fuel consumption
The specific fuel consumption of a transportation system depends on a large variety of factors. The factors used in the present analysis are based on the procedure described in [9] , whose methodology and assumptions are in accordance with the European Norm EN 16258. These tools were mainly developed to assess the environmental impact of the different transportation sectors. The analysis is referred to the freight market, but it can be extended to the passenger transportation sector as well.
Fuel consumption in transportation systems is not only affected by the amount of transported freight but also by the delivery distance of the freight. It is common practice to refer to this quantity as ton-km of freight.
When freight is transported, not always the entire freight capacity (payload) of the vehicle is reached. In addition, a given distance might be covered with negligible freight (empty trip), e.g. for vehicle return trip. In other words, when the energy consumption of an entire trip is calculated, the effective transported ton-km must be multiplied by a correction factor to account for the return trip.
The net capacity utilization factor CUN describes how well the vehicle payload is used for the entire trip, for which the vehicle has to deliver the freight. It is defined as:
where mF is the effectively transported mass of freight, kF is the vehicle payload (max transportable freight), dE is the empty trip distance, dF is the freight trip distance, LF = mF/kF is the load factor and EF = dE/dF is the empty trip factor. Additionally, to include the empty weight that the vehicle has to transport and is not part of the freight load (i.e. mechanical parts, coachwork, engine, etc.), a gross utilization factor CUG can be considered:
where mE is the empty weight of the vehicle. The specific energy consumption per gross ton-km etkm(G) of a given vehicle is the amount of fuel per unit travelled distance and unit total (gross) weight. The specific energy consumption etkm(N) refers instead to the net weight of freight and, including the empty trips, can be defined as:
Once the vehicle and its average velocity have been specified, the energy consumption per gross ton-km etkm(G) is known. According to [9] , typical gross utilization factors for a 1000 t train are between 40% and 60%, depending on the type of transported freight. As an example for etkm(G) = 44.8 Wh/tkm etkm(N) can be calculated to be in the range of 75.2 to 112.3 Wh/tkm from Eq. (3).
When an ORC of a specified weight mORC is installed in a vehicle, the empty weight mE increases. At the same time, the ORC occupies a volume that competes with the transportable capacity of the vehicle and leads to a change of transported freight ΔmF. This causes changes in load and capacity utilization factors, as listed in Table 1 . The superscript ' refers to the vehicle with installed ORC. The volume of freight depends on the specific volume of the freight σ, also called stowage factor. Common σ-values are given in [10] . Based on σ, a clear distinction can be made between bulk and volume goods. Coal, ore and oil are typical bulk goods, where the maximum allowed weight is restrictive (σ < 4 m 3 /t). Clothes and toys are instead typical volume goods, where the maximum allowed volume is instead the limiting parameter for the transported capacity (σ > 6 m 3 /t). The assumed σ in the different cases depends on the mass and volume capacity of the transportation system, given in Table 2 . The volume available for the ORC VORC in case of bulk and volume goods can be determined from:
Bulk goods (vF <= VF, mF = kF): VORC = VF -σ*(kF +ΔmF) (4) Volume goods (vF = VF, mF <=kF): VORC = -σ *ΔmF (5) where vF is the effectively transported volume of freight and VF is the vehicle volume capacity.
The overall efficiency of the engine system is higher with an installed ORC. This affects the specific energy consumption per net ton-km etkm(N), together with the new utilization capacity factor. The waste heat energy recovery assumes that the heat input to the ORC is equal to 50% of the waste heat released by the ICE [11] . The theoretical maximum efficiency of the ORC amounts to 24.8% for a triangular process with a hot source at 400°C, a cold reservoir at 25°C, and 20 K of pinch point. This leads to an efficiency gain of 6-7% depending on the ICE efficiency. For a real ORC, the expected efficiency gain is lower.
Note, that long-haul transportation systems, such as ocean-going ships, inland vessels, freight trains and heavy trucks travel for most of the covered distance at constant load and constant efficiency. Start-up and docking are considered as negligible with respect to the covered overall distance. The same assumption is made also for city busses for comparative reasons.
Economic feasibility: parameters
The revenues of an arbitrary transportation system R for a single delivery can be calculated as: R = Rt(N)*mF (6) where Rt(N) is the transportation price per unit net ton of transported freight. Since the ORC implies a reduction in transportable freight, it causes also a reduction in revenues.
The costs of transportation, on the other side, are made up of different types of cost [12] . The ORC impacts mainly the fuel costs because of the increased energy recovery. Additional costs in maintenance and tire costs caused by the presence of the ORC systems have been neglected since they are not so significant as compared with the increase in fuel consumption. In fact, the fuel costs Cfuel are strictly related to the specific fuel consumption per net ton-km and the transported ton-km of freight: Cfuel = cfuel,l*etkm(N)*mF*dF (7) where cfuel,l are the costs per unit liter of fuel consumed, if etkm(N) is given in l/tkm. If the specific fuel consumption is given in kg/tkm or Wh/tkm, cfuel,l must be consequently converted. An economic benefit is reached when reduction in fuel costs is higher than the reduction of revenues (for R' and Cfuel' see Table  1 ). The economic performance criteria X, can be written as: The impact of the freight price R with respect to the fuel costs Cfuel is expressed by the fuel impact ratio Z:
The freight price for the delivered freight must at least cover the transportation costs necessary for the delivery. In other words, the minimum revenues Rmin must be equal to the transportation costs Ctransp (zero-profit margin):
This zero-profit condition can be seen as a threshold for economic feasibility. The share of the fuel costs related to the overall transportation costs is proposed in different studies [12] [13] [14] [15] [16] [17] . For trucks (40 t), trains and inland water vessel the share of fuel costs is around 20-30%. For ships, this value is significantly higher (50-60%), whereas for a city bus it can drop down to 12%. Combining the definitions in Eq. (2), (3), (6), (7), the new parameters from Table 1 and the minimum fuel impact ratio in Eq. (10), the limiting condition X = 1 leads to:
where, for ΔmF/mF < 0 and mF + ΔmF + mORC <= kF (maximum load):
Results and discussion
The transportation means and the parameters used in the analysis are summarized in Table 2 with the relative references. For bulk goods the stowage factor is assumed equal to the capacity ratio VF/kF.
To understand whether the integration of actual ORC on the market is feasible in the different transportation systems, the ePack from Orcan Energy AG is chosen as reference ORC module, even though it has been originally developed for stationary applications and a margin for volume reduction is foreseeable. It must be considered that the ePack specifications do not account for the additional heat exchanger necessary to recover heat from the engine exhaust. Nevertheless, dry cooling with double fan is included, which is not always necessary for mobile applications. The module weights 1.7 t and occupies 8.94 m 3 . Given the efficiency of the ORC, the power output and the number of modules necessary in each sector can be determined. For the ePack, the efficiency ηORC = 8.08% is taken from [18] . The power output of the single module amounts 26.65 kWe. In case to recoverable energy from the engine is higher, the weight and volume of the single ePack is multiplied by the number of necessary modules. Table 2 includes also the number of modules nePack that are necessary for the different transportation systems. Fig. 1 shows the boundaries of economic feasibility for each transportation system and where the ePack module/stack is located (plotted squares). The solid and dashed lines refer to the limit for economic feasibility (solid for bulk goods/passengers; dashed for volume goods). For economic feasibility the ORC system needs to be below the limiting lines, so that Eq (8) is satisfied.
It can be seen that the economic feasibility condition is highly satisfied in case of ocean and inland vessels. For the other transport options on rails and roads, a reduction in weight and volume is necessary. Computing the minimum distance between ORC systems and their related limiting line, it is found for trains, that the ORC weight needs to be reduced by 13% and the volume by 59% in order to be competitive. For trucks the situation is even less optimistic. For bulk goods the ORC has to reduce mass and volume by a factor of 4.05 and 5.88, respectively. In case of volume goods, the required reduction is 4.36 times in weight and 6.73 times in volume. Based on locomotive DB RBR232/233 [19] . 7 Based on handysize vessel: M.V. Pacific Mariner, 1123 TEU [20] .
Conclusions
The feasibility of the ORC integration for mobile applications is carried out for different transportation sectors. For ocean and inland vessels, the situation looks quite profitable. For rail and road transportation a reduction in weight and volume for the ORC is required. Based on the ePack from Orcan Energy AG, for trains the reduction is 13% in weight and 59% times in volume. For trucks the reduction factor is bigger than 4 in both weight and volume. For city busses the penalty is even higher. Fig. 1 . Feasibility of an ORC on the market (log-log plot)
